The Effect of Mismatch Primers on the Efficiency of Amplification in Quantitative Polymerase Chain Reactions by Dawkins, Molly C
University of Central Florida 
STARS 
Honors Undergraduate Theses UCF Theses and Dissertations 
2018 
The Effect of Mismatch Primers on the Efficiency of Amplification 
in Quantitative Polymerase Chain Reactions 
Molly C. Dawkins 
University of Central Florida 
 Part of the Analytical, Diagnostic and Therapeutic Techniques and Equipment Commons, 
Environmental Sciences Commons, Medical Sciences Commons, and the Organisms Commons 
Find similar works at: https://stars.library.ucf.edu/honorstheses 
University of Central Florida Libraries http://library.ucf.edu 
This Open Access is brought to you for free and open access by the UCF Theses and Dissertations at STARS. It has 
been accepted for inclusion in Honors Undergraduate Theses by an authorized administrator of STARS. For more 
information, please contact STARS@ucf.edu. 
Recommended Citation 
Dawkins, Molly C., "The Effect of Mismatch Primers on the Efficiency of Amplification in Quantitative 
Polymerase Chain Reactions" (2018). Honors Undergraduate Theses. 361. 
https://stars.library.ucf.edu/honorstheses/361 
 
 
 
 
 
 
THE EFFECT OF MISMATCH PRIMERS ON THE EFFICIENCY OF 
AMPLIFICATION IN QUANTITATIVE POLYMERASE CHAIN REACTIONS 
 
 
 
by 
 
MOLLY C. DAWKINS 
 
 
 
 
A thesis submitted in partial fulfillment of the requirements  
for the Honors in the Major Program in Biomedical Sciences  
in the College of Medicine  
and in the Burnett Honors College  
at the University of Central Florida  
Orlando, Florida 
 
 
 
 
 
Summer Term, 2018 
 
 
Thesis Chair: Sean Moore, Ph.D. 
 
 
 
 
	   i 
ABSTRACT 
Polymerase chain reaction (PCR) is a method used in many research protocols to amplify 
a small amount of a short segment of DNA to millions of copies.  PCR is used for many taxonomic 
studies, as well as for some medical diagnostic procedures. Through PCR, short DNA primers bind 
to the template DNA to allow the thermostable DNA polymerase to copy the DNA. Often, 
researchers create universal primers to target a conserved region of DNA in multiple species, for 
example, the 16S rRNA gene in bacteria. The problem with these universal primers is that they do 
not always perfectly match the target DNA. The mismatch primers can still bind to the template, 
but could affect the efficiency of the PCR amplification. The effect of mismatch primers on the 
efficiency of the amplification in PCR is the focus of this thesis. Four forward primers with various 
mismatch overhangs were generated and incorporated into a DNA template through an initial PCR. 
These primers contained the binding region complementary to the V3/V4 region of the 16S rRNA 
bacterial gene. Further quantitative PCR (qPCR) reactions were run on these newly-made 
templates using two sets of primers complementary to the 16S rRNA gene region – one with 
ambiguous base pairs, one with unambiguous base pairs. The qPCR amplification curves, the Cq 
values, and the initial concentrations of DNA products (seed values) were analyzed and compared. 
The results showed differences in the Cq values and seed values between the reactions containing 
mismatches and those not containing mismatches. Other variables including annealing 
temperature, addition of Illumina sequencing tails to the primers, and initial primer concentration 
were also tested to determine if these variables had an effect on the amplification. The results from 
these reactions using different variables were inconclusive.  
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INTRODUCTION 
Focus of this Project 
 The research described in this paper seeks to assess the effect of mismatches between 
universal bacterial primers and target DNA templates on the efficiency of polymerase chain 
reaction (PCR). The goal of this project is to determine how primer binding efficiency affects a) 
the number of PCR products produced, and b) the taxonomic diversity seen in the products 
compared to the initial sample. The research will be conducted using four different forward 
primers, each targeting the same region of the template DNA, and each containing zero, one, or 
two mismatches. Quantitative PCR (qPCR) analysis, the Global Fitting qPCR Analyzer developed 
by Carr and Moore (2012) [5], and Cq data comparisons will also be used to compare the results 
of the four PCR reactions using the four different primers. 
 
Taxonomy and Bacterial 16S rRNA Gene Sequencing 
The study of taxonomy is used by biologists and researchers in a variety of ways. 
Taxonomy is a theory and practice, using a set of rules and methods to classify organisms based 
on certain physical and genetic characteristics; there are many methods for assigning the taxonomy 
of organisms, specifically bacteria [7]. The main approaches are pattern- or fingerprint-based 
techniques, and DNA sequence-based techniques; as well as assigning taxonomy based on 
morphology [4]. In the pattern-based approach, the sample, genetic material or protein, is analyzed, 
looking for specific patterns that are consistent with individual taxa. Laboratory techniques used 
to reveal these patterns include nucleic acid hybridization, random amplification of polymorphic 
DNA, and multiplex PCR [7]. In the sequence-based approach, however, the genetic material is 
	   2 
sequenced and the sequences themselves are analyzed, comparing them to known sequences. 
These techniques include 16S rRNA gene sequence analysis and multilocus sequence analysis [7]. 
In general, sequence-based analysis compares an unknown sequence of DNA to a large range of 
known sequences. From these comparisons, the relatedness of the unknown sequence to the known 
sequences can be determined, allowing researchers to group the unknown sequence with closely-
related, known species or subspecies. The grouping can help researchers figure out the taxonomy 
and evolutionary diversity of the organism from which the unknown sequence was obtained. 
Sequence-based analysis can also be used when there are many different DNA sequences in one 
sample. These sequences can be compared to the known sequences to determine which organisms 
are present in the sample taken.  
A common technique used for the classification of bacteria is sequence analysis of the 16S 
rRNA gene. The 16S rRNA gene sequence analysis is used because the 16S rRNA gene is present 
in all bacteria and can be used as a marker gene to which unknown sequences are compared [7]. 
The 16S rRNA gene sequences of two organisms indicate their evolutionary relatedness due to 
some variable regions within the gene which have different rates of changes for different species 
[6]. Researchers can hypothesize the evolutionary relationship between any two taxa by comparing 
their 16S gene sequences. This is only a hypothesis due to the variability of the 16S gene region 
and the similarity of the 16S gene sequences of closely related organisms. These two limitations 
can cause errors in correctly identifying the relationship between taxa. A second concept in 
determining the evolutionary relatedness of taxa is the differing rate of change in the 16S gene 
region. The 16S gene region contains ten constant regions and nine variable regions. Across 
different species, these nine variable regions of the 16S gene mutate at different rates. This 
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differing rate of mutation facilitates evolutionary diversity and allows researchers to determine the 
relatedness between species. DNA sequences produced from these variable regions from an 
unknown microbe are compared to a database of known 16S rRNA sequences. An example of such 
database is Silva, which contains close to two million prokaryotic small subunit reference 
sequences [11]. This database allows one to search for the sequences of various organisms to 
determine the relatedness to an unknown sequence.  The general methods for 16S rRNA 
sequencing include DNA extraction, PCR amplification using primers specific to a segment of the 
16S rRNA gene, and DNA sequencing of the amplicons produced. Once the sequence of the target 
DNA segment of that organism is found, it can be compared to the known 16S rRNA gene 
sequences to determine the classification of the unknown organism [6]. Although this 16S gene 
sequencing is very useful in identifying unknown prokaryotes, there are some drawbacks. The 
principle drawback is that it is often difficult to differentiate between related species because of 
conserved regions in the 16S rRNA genes being similar. Another drawback is that some of the 
public databases containing previously-sequenced 16S rRNA genes are not of high quality; 
therefore, when comparing sequences of unknown organisms to the database, classification 
mistakes can be made [7]. Thirdly, not all bacteria’s DNA has been sequenced, meaning not all 
bacterial DNA sampled can be classified using the 16S rRNA gene. For these reasons, the 16S 
rRNA gene sequence analysis is often used to establish broader taxonomy of an organism, while 
fingerprint-based methods are better at strain- or species-level taxonomy of an organism [4]. There 
are other drawbacks to the 16S rRNA gene sequencing methods due to certain biases generated, 
included PCR biases, which are discussed below.  
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The Human Genome Project  
Genome sequencing began with microbial DNA due to microbes’ shorter DNA sequences 
and the ability easy manipulate the microbes. One of the first methods used to sequence DNA was 
developed by Frederick Sanger, and is called Sanger Sequencing [10]. Through Sanger 
Sequencing, the desired DNA segment to be sequenced is used as its own template for replication. 
A low concentration of special nucleotides containing a hydrogen instead of a hydroxyl group at 
carbon 3 of the sugar backbone are used, as well as regular deoxynucleotides. These so called 
dideoxynucleotide triphosphates (ddNTPs) halt replication due to the lack of the hydroxyl group. 
Four different reactions are run, each with one of the four ddNTPs. After synthesis, the four 
samples are run in separate lanes on an electrophoresis gel. The DNA fragments produced from 
the separate reactions are viewed and pieced together to determine the complete DNA sequence 
[10]. This method was used for multiple bacteria and other microbes. Today, however, there are 
more advanced and efficient methods to sequence longer DNA sequences of more complex 
organisms. After the sequences of bacteria were generated, researchers desired to know the 
sequences of more complex organisms, including humans. First, however, researchers determined 
the sequences of small eukaryotes such as roundworms and fruit flies. Then, after years of research, 
the Human Genome Project began in 1990, with the goal of sequencing the entire human genome. 
Such data would provide insight into the genetics behind certain human diseases, allowing 
researchers to discover new methods for diagnosis, treatment, and prevention. By 2003, the Human 
Genome Project was finished, providing a complete sequence of the human genome, and later the 
discovery of almost 2,000 disease gene sequences [9]. To determine the sequence of the human 
genome a method of sequencing called whole-genome shotgun (WGS) sequencing was used. In 
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the WGS method, multiple overlapping DNA segments are sequenced. Then, a computer is used 
to assemble the many sequenced fragments together into the full genome [2]. This WGS method 
for sequencing the human genome is different from the amplicon-based sequencing method used 
for the 16S rRNA gene sequencing. The amplicon-based method introduces biases that aren’t 
present in the WGS method due to the use of PCR, a technique described below. 
 
Customized Medicine 
With the completion of the Human Genome Project, researchers and some physicians 
began to have the possibility of using an individual’s genome to customize medical treatments. A 
physician could use an individual’s genetic information to discover the genetic source of mutation 
or disease and, then, develop a specific treatment plan. Knowing segments of an individual’s 
genome can also allow for the creation of specific preventive medicine and the development of 
targeted drugs with reduced side effects [9]. The problem with customized medicine, however, is 
that there are other factors that cause disease, including an individual’s microbiomes. Each person 
has their own microbiome of microorganisms living on the skin and in the gut, consisting on 
specific ratios and varieties of microorganisms. These microorganisms affect a person’s 
metabolism and response to medical treatments. In order to overcome this effect that the 
microorganisms have on a person, both the individual’s genome and the individual’s microbiome 
need to be known. It is, however, virtually impossible to determine an individual’s entire 
microbiome due to its vastness. Currently, the taxonomic diversity of the microbiome of an 
individual is only examined in a small area of the body, which creates a bias in the taxonomic 
diversity present over the whole individual. For example, the research conducted by Callewaert, 
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et al. in 2013 studied the specific microbiome for the axillary region of humans. Initially, culture-
based techniques were used to characterize the microbes found in this region; however, these 
methods misrepresented the true bacterial diversity of this region. The researchers used DNA- and 
RNA-based techniques to sequence the 16S rRNA gene and characterize the microbiome in the 
axillary region, giving more accurate results. They collected samples from subjects, extracted the 
DNA, amplified it with PCR using 16S rRNA-specific primers, then ran the DNA products on a 
denaturing gel. From this data, they were able to determine two major genera of bacteria present 
in this region [3]. These genera, however, were only present in these ratios in the axillary region. 
In other regions of the body, there could be various organisms in different ratios; thus, a bias is 
formed. These genera could be the cause of odor or disease, showing that more information is 
needed than just the human genome to conduct customized medicine. The methods the researchers 
used could also have biases present that are similar to the ones present in 16S gene sequencing, 
such as biases from PCR, discussed next. 
 
Polymerase Chain Reaction 
The methods for determining 16S rRNA sequences, along with many other research 
procedures, include a process mentioned above called polymerase chain reaction, or PCR. Through 
the process of PCR, a desired segment of DNA can be amplified into millions of copies from a 
small amount of starting DNA template. PCR reaction mixtures contain all the necessary 
components for DNA replication, including a thermostable DNA polymerase, which can withstand 
high temperatures without denaturing, and forward and reverse primers with specific sequences 
that can bind to the DNA segment desired for amplification. PCR reactions are typically conducted 
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in a programmable thermocycler that produces cycles of periodic heating and cooling. Within each 
PCR cycle, samples are first heated to approximately 95-98ºC to denature the DNA into single 
strands, next cooled to a temperature that will allow the primers to anneal to the DNA template, 
and finally heated again so that the thermostable polymerase can elongate the daughter DNA strand 
in between the forward and reverse primers, located on the same template strand (Figure 21). A 
specialized type of PCR is called quantitative PCR (qPCR). There are multiple methods of qPCR; 
however, the qPCR method specific to this research utilizes a fluorophore specific to double 
stranded DNA to measure the quantity of PCR products made after each cycle.  
Often, researchers seek to isolate a specific organism or group of organisms from a mixed 
sample containing DNA from many different organisms. To do this, researchers generate a library 
of primers that are specific to the DNA of each target group of organisms. A primer library is a 
non-homogenous pool of different primer pairs specific to a variety of organisms, usually 
microbes. If the researchers want to isolate a small segment of a specific bacteria’s DNA from a 
sample containing multiple species, primers called universal primers are made to be able to bind 
to the conserved regions of 16S rRNA gene in bacteria [6]. Universal primers are specific to 
conserved regions in a desired genus. This is different from a primer library because universal 
primers are a single set of primers used to amplify a similar sequence in the different species of a 
specific genus. The universal primers might have one or two degeneracies between the primer and 
the template, but not enough to not be able to bind to the template. After amplification with the 
universal primers, the resulting amplicons reflect the variable regions in between these conserved 
regions, and may be sequenced then used for comparative taxonomy [6]. One problem with primer 
libraries is that the primers are not always perfectly complementary to the template they bind, 
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meaning there are mismatches in the nucleotide sequences between the primers and the template 
that still may produce PCR product. During the first PCR cycle, the mismatch will be incorporated 
into the product as the polymerase extends the primer sequence into a full PCR product. During 
the second cycle, PCR products from the first cycle will serve as templates; the mismatched 
primers will bind to the product with the mismatch, maintaining its presence.  
 
PCR Biases 
 Although PCR is an efficient method for amplifying DNA segments, there are certain 
biases introduced during the reaction process that can reduce the amounts of PCR product 
produced from what would be expected given the initial amounts of template DNA. The first bias 
is due to sequence differences in the templates causing differing amplification efficiencies due to 
mismatches with the primers [1]. The second is due to the self-annealing of templates to each other, 
for those present in the highest concentration during the late stages of the reaction [1]. Through 
research conducted by Acinas, et al. (2005), however, it was found that these PCR biases could be 
lessened by increasing the ramp rate between the denaturation and annealing steps by adjusting 
thermocycler settings to shorten the time it takes to lower the heat block temperature. The 
researchers also found that lowering annealing temperatures and shortening the extension times to 
less than 180 seconds may reduce PCR biases [1]. Lower annealing temperatures allows the 
primers to anneal to the template more efficiently, and shorter extension times decreases the chance 
of a mismatch being incorporated into the product. A third bias results from mismatches between 
primers and their target DNA template. This bias and the effect of it on the efficiency of PCR is 
the focus of this paper.  
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 The research conducted for the paper is focused on the third PCR bias, mentioned 
previously, caused by mismatches between the primers and their target DNA template. Mismatch 
primers, meaning their sequences do not perfectly match a template’s sequence, are still able to 
anneal to the template. The annealing of the mismatched primers, however, may affect the 
efficiency of the reaction and the final concentration of the products. The annealing of the 
mismatch primers could take longer than the annealing of primers that match the template 
perfectly. This will be seen in the qPCR amplification curves as the reactions containing 
mismatches begin to have quantifiable products in later cycles than the reactions with perfect-
match primers. With less initial quantifiable products, the final concentration of products from 
reactions with mismatches will be less than that of reactions without mismatches. In the research 
performed in this paper, the mismatch-primer bias is evaluated through using forward primers with 
various mismatches and a forward primer that perfectly matches the template. These primers are 
used for qPCR reactions, comparing the data obtained from the reactions with mismatches to the 
reactions without mismatches. 
Because these PCR biases affect amplification efficiency, the resulting observed 
taxonomic diversity of a sample, based on 16S rRNA gene sequencing, may be shifted, making 
the results inaccurate. The concept of taxonomic shift can be explained through the following 
example: Two bacterial DNA are present in a sample, where bacteria A’s DNA is initially present 
at a lower concentration than bacteria B’s DNA. Primer A binds to bacteria A’s DNA and primer 
B binds to bacteria B’s DNA. Primer A doesn’t have any mismatches to bacteria A’s DNA, but 
primer B does have mismatches to bacteria B’s DNA. By the end of the PCR cycles, there will be 
a shift in the concentrations of the bacterial DNA originating from the two bacterial taxa – more 
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of product A will be produced than product B due to primer B binding less efficiently to bacteria 
B’s DNA than primer A binding to bacteria A’s DNA. Results will, thus, incorrectly suggest a 
higher relative abundance of bacteria A than bacteria B in the original sample. Such a bias could 
create significant problems when using primer libraries to characterize unknown microbial 
communities.  
This paper’s research seeks to address the effects of mismatch primers on the efficiency 
and product concentrations of qPCR reactions. Four different forward primers and one reverse 
primer were used in initial PCR reactions. These primers were able to anneal to a chosen template, 
a segment of DNA called mOrange, that mimicked the length of the V3/V4 region of the 16S 
rRNA gene. The four different forward primers contained varying overhangs complementary to 
the V3/V4 region of the 16S rRNA gene with varying mismatches – one without mismatches, one 
with a mismatch near the 3’ end, one with a mismatch near the 5’ end, and one with both the 
mismatches. The four initial PCR reactions were performed to generate products containing their 
respective mismatches from the forward primer used; the same reverse primer without mismatches 
was used for each. These products were purified and used as templates for further qPCR reactions. 
These qPCR reactions used two different primer sets, one with ambiguous bases and the other with 
unambiguous bases, that are used in environmental sample studies. The results from these qPCR 
reactions were analyzed to determine the effect of the presence of mismatches on the efficiency of 
the reactions. Other variables were also tested to determine their effects on the efficiency of the 
PCR reactions.  
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Broader Implications 
Customized medicine is only one area to which the findings of this project can apply; other 
applications include PCR used for clinical diagnoses, and PCR used in food monitoring by the 
FDA. PCR is used for a multitude of diagnostic procedures to test patient DNA for the presence 
of suspected microbes or viruses. PCR primer sets are generated that are specific to certain 
genomic regions of the microbe or virus that is thought to be causing disease. If amplification is 
detected to corroborate other diagnostic confirmations, the physician can treat the patient for that 
particular microbe or virus. Similarly, PCR can be used to test food samples for the presence of 
microbes that may reduce food quality. With this finding, and follow-up protocols, the FDA can 
tell if the food is dangerously contaminated. The impact of PCR biases could affect the clinical 
diagnostic and food sample PCR reactions by shifting levels of DNA products, potentially leading 
to misdiagnoses or misrepresentation of the actual concentrations of certain microbes present in a 
sample.   
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METHODS 
Creating standardized DNA templates with known primer mismatches  
We generated four forward primers complementary to a small segment of the mOrange 
open reading frame, a segment that mimicked the length of the V3/V4 region of the 16S rRNA 
gene (Table 21). Each forward primer had an overhang complementary to the V3/V4 region of the 
16S rRNA gene with either zero mismatches, one mismatch near the 3’ end of the overhang, one 
mismatch near the 5’ end of the overhang, or both the mismatches. One reverse primer with an 
overhang without mismatches was also generated and was used in all reactions (Table 21). These 
primers were used in an initial qPCR reaction to create DNA templates with known primer 
mismatches. The purpose of this reaction was to add the mismatch overhangs to segment of the 
mOrange template DNA to create products that mimic the length of sequences targeted during 
taxonomic studies. The reaction master mix and protocol used was EvaGreen Ssofast (S6, S7). Six 
20µl replicates were made for each forward primer. Select qPCR products were run on a 1.5% 
agarose gel, stained with Ethidium Bromide (EtBr), and compared against a standard DNA ladder 
to determine that the correct products were present (S8). The replicates were combined for each 
primer pair, and the DNA was spin-column purified (S9). These purified DNA samples were 
extracted, using a 1% crystal violet gel and spin columns (S10). The extracted DNA was, again, 
run on a EtBr 1.5% agarose gel to verify there was still DNA present after extraction (S8). The 
DNA was, then, quantified, using a PicoGreen reaction mix and protocol (S11). Based on the 
quantification values, DNA samples were normalized to the lowest concentration observed (S12) 
and then diluted 1:1000 with DNA buffer. After diluting each of the four DNA samples, they were 
used as templates for the main experimental protocols in separate qPCR reactions. 
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Testing for amplification efficiency using standardized DNA templates with known primer 
mismatches 
 A revised EvaGreen master mix and qPCR protocol were utilized to improve the reaction’s 
amplification curves (S13, S14).  The primer set used for this reaction was the unambiguous “Path” 
forward and reverse primers (Table 21), and the template used was MM0 (S2). Three replicates 
were generated to help account for human error. Only the Path primer set and the MM0 template 
were used initially in order to determine if the reaction mix and protocol were in the correct 
proportions. The melt curves obtained from these reactions showed some unwanted products. To 
“clean up” the melt curves, a qPCR temperature gradient was created to test which annealing 
temperature produced the cleanest melt curve. The same EvaGreen reaction mix was used (S13), 
but a temperature gradient was established during the annealing step of the previously used 
protocol (S15). Three annealing temperatures were tested, 65.0ºC, 60.2ºC, and 54.4ºC. These 
temperatures were selected because they were roughly 5ºC higher or lower than the previously-
used temperature of 60ºC. Three replicates were made for each temperature. Next, efficiencies of 
reactions were tested by comparing the MM3 template (S5) to the MM0 template (S2). For these 
reactions, there were two different sets of primers used, the ambiguous “Pro” forward and reverse 
primers and the unambiguous “Path” forward and reverse primers (Table 21). The same 
previously-used EvaGreen reaction mix was used, each with its respective template and primer; 
but a revised protocol was used with a longer extension time to allow for more amplification and 
a different gradient was used to make the annealing temperature more accurate (S15). The three 
annealing temperatures used were 60.5ºC, 55.0ºC, and 51.1ºC, because these were 5ºC higher or 
lower than annealing temperature from the best reaction results from the previous gradient (55ºC). 
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For each annealing temperature, three replicates were made for each of the four primer-template 
combinations – MM0 and Pro, MM0 and Path, MM3 and Pro, and MM3 and Path. These results 
were analyzed using the given Cq values and the Global Fitting qPCR Analyzer [5].  
 
Testing different variables that could also affect qPCR amplification 
Next, primers containing different tails were used in qPCR reactions (Table 21). These tails 
are ones utilized for Illumina sequencing, a common type of bacterial DNA sequencing used for 
taxonomic classifications of environmental samples. These primers were either Pro or Path with 
tails numbered 1-8, depending on the signal sequence encoding on the tails (Table 21). The 
EvaGreen reaction mix with Path or Pro primer pairs containing the tails was used (S13) along 
with the same gradient protocol (S15). Again, for each annealing temperature, three replicates were 
made for each of the four primer-template combinations.  
Next, the Pro and Path primer sets with tails that were individually tested were numbers 1 
and 8. Then, all the different primer tail sets were tested. When all 1-8 Pro and Path primer pairs 
were tested with MM0, no annealing temperature gradient was used; instead, the normal protocol 
(S14) was used with only the annealing temperature of 55ºC since using this annealing temperature 
gave the best results.  
The next variable tested was the primer concentrations. For this, the Pro 1 forward and 
reverse primers were used on MM0 template. They were run following the normal qPCR protocol 
(S14); however, two different final primer concentrations were used – 500nM and 400nM. The 
500nM reaction was what was normally used for qPCR reactions (S13). The 400nM reaction mix 
was changed, though, to account for the change in the primer concentration (S18). The 
	   15 
concentrations for Path and Pro primer pairs with number 1 and number 8 Illumina tails were also 
quantified using a quartz cuvette in a spectrophotometer at a wavelength of 260nm. The primers 
were diluted to 1µM with 1:10 diluted TE buffer and were read in the spectrophotometer. The 
absorbance values for each primer were recorded and the absorbance value for the blank, 
composed of 1:10 TE buffer, was subtracted from each. The concentrations (c) were calculated 
from those blanked values (Abs) using Beer’s law (Abs = ecl). The value for e is the extinction 
value and was found for each primer using the online IDT oligonucleotide analyzer [8]; and the 
value for l used was one centimeter.  
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RESULTS 
Creating standardized DNA templates with known primer mismatches 
 The initial four sets of qPCR reactions with the goal of adding the various mismatches from 
the four primer sets onto the mOrange template was successful as seen in the amplification curves 
(Figure 1) and melt curves (Figure 2). Figure 1 shows all the reactions running to completion; 
Figure 2 shows a single product made in each reaction due to the strong peak. 
Figure 1: Quantification amplification results of the four sets of qPCR reactions which added the mismatches from 
the four primer sets to the mOrange template  
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Figure 2: Melt curve results of the four sets of qPCR reactions which added the mismatches from the four primer 
sets to the mOrange template 
 
Although samples MM0-1, MM0-2, MM0-3, and MM0-5 did not amplify completely, seen in 
Figure 1 as their amplification curves are at lower RFU values, products were still formed. This 
was proven by running those reactions’ products on an EtBr 1.5% agarose gel in separate lanes, 
next to the MM1-4 reaction products, a reaction that did amplify completely (Figure 3).  
 
 
 
 
 
 
 
 
Figure 3: EtBr agarose gel of the products from select samples from the four sets of qPCR reactions which added 
the mismatches from the four primer sets to the mOrange template 
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In all five lanes containing qPCR products, a band appeared, indicating products were formed. All 
the bands are at the same distance along the 100bp ladder and there are no extraneous bands, 
proving the desired products were formed even in the reactions that did not completely amplify. 
With the mOrange templates now containing their respective mismatches, the products from the 
repeat reactions were pooled into four separate product tubes and purified. The purified MM0, 
MM1, MM2, and MM3 products were run on a crystal violet gel (Figure 4). 
 
 
 
 
 
 
Figure 4: Crystal violet gel of the purified MM0, MM1, MM2, and MM3 qPCR products 
 
Figure 4 contains band of products from reactions from separate days, using the same protocol 
both days. Indicated in Figure 4, the bands that appeared on the gel were cut out. After the cut-out 
bands were purified through a spin column purification protocol, they were again run on an EtBr 
1.5% agarose gel to determine if the qPCR products were still present (Figure 5). 
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Figure 5: EtBr agarose gel of the crystal violet, spin column-purified qPCR products 
 
Bands appeared in each lane at the same distance, indicating the qPCR products were still present. 
There were also no extraneous bands present on the gel, meaning the purification of the samples 
was successful. The purified products were quantified using PicoGreen quantification analysis 
(Table 1, Figure 6, Table 3). 
 Table 1: PicoGreen standard curve data 
  
 
 
 
 
 
 
 
 
 
 
Standard Curve 
Concentration 
(ng/ml) 
Raw 
Fluorescence 
Blanked 
Fluorescence 
0 5.889 x 104 0 
7.780 8.672 x 104 2.783 x 104 
15.56 1.172 x 105 5.833 x 104 
31.13 1.604 x 105 1.015 x 105 
62.50 2.517 x 105 1.928 x 105 
125.0 4.549 x 105 3.960 x 105 
250.0 9.424 x 105 8.836 x 105 
500.0 1.746 x 106 1.687 x 106 
1000 3.407 x 106 3.348 x 106 
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Figure 6: Graph of PicoGreen standard curve data 
Table 2: PicoGreen sample data calculated from the PicoGreen standard curve data   
 
 
 
 
 
 
 
 
 
 
 
 
The data in Table 2 was calculated via the equation of the line of the standard curve (Figure 6). 
After the concentrations were calculated, the samples were normalized to the lowest concentration 
of each replicate group, MM1-1 and MM1-2, respectively. The calculations and normalized 
concentration values are in Table 3.  
 
 
 
 
 
 
 
 
 
 
Sample Raw Fluorescence Blanked Fluorescence 
Extrapolated 
Concentration  
(ng/ml) 
MM0-1 6.825 x 106 6.766 x 106 2014 
MM1-1 6.382 x 106 6.323 x 106 1882 
MM2-1 7.489 x 106 7.430 x 106 2212 
MM3-1 8.205 x 106 8.146 x 106 2425 
MM0-2 1.325 x 105 7.368 x 104 21.71 
MM1-2 1.154 x 105 5.654 x 104 16.61 
MM2-2 1.520 x 105 9.319 x 104 27.52 
MM3-2 1.624 x 105 1.035 x 105 30.60 
y = 3358.6x + 752.43
R² = 0.9997
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Table 3: Normalization calculations 
Sample Extrapolated concentration (ng/ml) 
Normalization 
(conc/lowest conc) 
Final Volume 
(normalization x 
50µl) 
Amount Buffer 
(µl)  
(final vol - 50µl) 
MM0-1 2014 1.069 53.49 3.500 
MM1-1 1882 1.000 50.00 0 
MM2-1 2212 1.175 58.75 8.750 
MM3-1 2425 1.288 64.42 14.42 
MM0-2 21.71 1.307 65.36 15.36 
MM1-2 16.61 1.000 50.00 0 
MM2-2 27.52 1.656 82.85 32.85 
MM3-2 30.60 1.842 92.11 42.11 
 
The calculated amount of DNA buffer was added to each of the samples, then the replicate samples 
were pooled together to create only four samples – MM0, MM1, MM2, and MM3.  
 
Testing for amplification efficiency using standardized DNA templates with known primer 
mismatches 
After diluting the normalized four DNA templates 1:1000, they were used in various qPCR 
reactions. In the first qPCR reaction, the MM0 template was used with the unambiguous Path 
primer pair. This reaction was performed to ensure the protocol worked with the template and 
primer. The amplification curves in Figure 7 and the melt curves in Figure 8 show both the 
expected shapes.  
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Figure 7: Quantification Amplification curves of qPCR reactions using 1:1000 MM0 template and Path primer pair 
Figure 8: Melt Curves of qPCR reactions using 1:1000 MM0 template and Path primer pair 
 
As seen in the amplification curves in Figure 7, all the reactions went to completion and were very 
similar in shape. The melt curves in Figure 8, too, show one main product formed in each reaction 
due to the single large peak. The melt curves, however, could be smoother approaching the peak 
from the right. 
 To clean up the melt curve, a gradient of the annealing temperature was used. The MM0 
template and Path primer pairs were again used for in the qPCR with gradient.  
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Figure 9: Quantification Amplification curves of qPCR reactions using 1:1000 MM0 
template, Path primer pair, and annealing temperature gradient  
 
Figure 10: Melt Curves of qPCR reactions using 1:1000 MM0 template, Path primer pair, and annealing temperature 
gradient  
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The quantification curves in Figure 9 show variable plateau heights among the three annealing 
temperatures, indicating the annealing temperature affects the amplification of the templates. All 
the reactions did, however, run to completion. These amplification curves show the most ideal 
annealing temperature for this Path primer pair is 55°C since the curves for this temperature reach 
the highest final plateau value. The melt curves in Figure 10 show a single peak product in each 
reaction and are smoother before the peak than in the previous reaction set.  
The next set of reactions were performed to compare the effects of mismatches within the 
primer and template. For these reactions, MM0 and MM3 templates were used, and the Path and 
Pro primer pairs were used. The amplification curves (Figure 11), melt curves (Figure 12), and Cq 
values (Tables 4-6) were compared. The annealing temperature gradient was also used for these 
reactions, changing it from the previous gradient in order to have 55°C as the central value.  
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Figure 11: Quantification Amplification curves of qPCR reactions comparing MM0 and MM3, and Path and Pro  
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Figure 12: Melt curves of qPCR reactions comparing MM0 and MM3, and Path and Pro 
Table 4: Cq values from 60.5°C annealing temperature 
Annealing Temp Sample Cq Cq Mean Cq Std. Dev 
60.5 
MM0-1 (Path) 16.19 
15.83 0.3160 MM0-2 (Path) 15.73 
MM0-3 (Path) 15.58 
MM0-4 (Pro) 15.43 
15.39 0.0370 MM0-5 (Pro) 15.39 
MM0-6 (Pro) 15.35 
MM3-1 (Path) 18.40 
18.95 1.150 MM3-2 (Path) 18.18 
MM3-3 (Path) 20.27 
MM3-4 (Pro) 18.58 
17.42 1.642 MM3-5 (Pro) --- 
MM3-6 (Pro) 16.26 
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Table 5: Cq values from 55.0°C annealing temperature 
 
 
 
 
 
 
 
Table 6: Cq values from 51.1°C annealing temperature 
Annealing Temp Sample Cq Cq Mean Cq Std. Dev 
51.1 
MM0-13 (Path) 16.65 
16.53 0.1090 MM0-14 (Path) 16.44 
MM0-15 (Path) 16.50 
MM0-16 (Pro) 15.18 
15.05 0.1110 MM0-17 (Pro) 14.97 
MM0-18 (Pro) 15.02 
MM3-13 (Path) 20.59 
20.63 0.0340 MM3-14 (Path) 20.66 
MM3-15 (Path) 20.63 
MM3-16 (Pro) 14.36 
14.33 0.0490 MM3-17 (Pro) 14.27 
MM3-18 (Pro) 14.35 
 
The amplification curves in Figure 11 are variable. Some curves amplify normally, others barely 
amplify at all. All reactions, however, did amplify to some extent, even the ones containing 
mismatches. The same variability is seen in the melt curves in Figure 12. In the melt curves, all 
the peaks are at the same temperature, so the same-length products are being produced. The Cq 
values (Tables 4-6) are better indicators for comparison. The higher the Cq value, the later the 
amplification curve leaves the baseline, indicating the start of quantifiable amplification. From 
Annealing Temp Sample Cq Cq Mean Cq Std. Dev 
55.0 
MM0-7 (Path) 15.78 
15.63 0.1510 MM0-8 (Path) 15.64 
MM0-9 (Path) 15.47 
MM0-10 (Pro) 14.34 
14.28 0.0480 MM0-11 (Pro) 14.26 
MM0-12 (Pro) 14.25 
MM3-7 (Path) 20.53 
26.97 9.111 MM3-8 (Path) 33.41 
MM3-9 (Path) --- 
MM3-10 (Pro) 36.92 
23.60 11.80 MM3-11 (Pro) 19.43 
MM3-12 (Pro) 14.46 
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Tables 4-6, it is seen that reactions with the MM3 template have higher Cq values than reactions 
with the MM0 template, indicating the presence of mismatches does affect the efficiency of the 
reactions.  
 
Testing different variables that could also affect qPCR amplification 
The first variable tested was the addition of Illumina tails to the primers. There were eight 
varieties of these tails and they were added to the normal Path and Pro forward and reverse primers. 
Initially, only the Path and Pro number 8 primer pairs were used in qPCR reactions with the MM0 
and MM3 templates. 
 
Figure 13: Quantification Amplification curves using Pro and Path primers with number 8 Illumina tails, MM0 and 
MM3 templates, and annealing temperature gradients 
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Figure 14: Melt Curves using Pro and Path primers with number 8 Illumina tails, MM0 and MM3 templates, and 
annealing temperature gradients 
 
 
Table 7: Cq values from 60.5°C annealing temperature with 
number 8 primer sets 
Annealing  
Temperature Sample Cq Cq Mean 
Cq Std. 
Dev 
60.5 
MM0-1 (Pro) 17.30 
17.18 0.1510 MM0-2 (Pro) 17.22 
MM0-3 (Pro) 17.01 
MM3-1 (Pro) 16.29 
16.26 0.0780 MM3-2 (Pro) 16.31 
MM3-3 (Pro) 16.17 
MM0-1 (Path) 16.47 
16.40 0.0690 MM0-2 (Path) 16.34 
MM0-3 (Path) 16.37 
MM3-1 (Path) 16.08 
16.20 0.1330 MM3-2 (Path) 16.19 
MM3-3 (Path) 16.34 
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Table 8: Cq values from 55.0°C annealing temperature with 
number 8 primer sets 
Annealing  
Temperature Sample Cq Cq Mean Cq Std. Dev 
55.0 
MM0-4 (Pro) 16.26 
16.14 0.1210 MM0-5 (Pro) 16.12 
MM0-6 (Pro) 16.02 
MM3-4 (Pro) 15.59 
15.49 0.0900 MM3-5 (Pro) 15.42 
MM3-6 (Pro) 15.46 
MM0-4 (Path) 20.09 
20.02 0.0900 MM0-5 (Path) 19.92 
MM0-6 (Path) 20.04 
MM3-4 (Path) 17.21 
17.24 0.0780 MM3-5 (Path) 17.18 
MM3-6 (Path) 17.32 
 
Table 9: Cq values from 51.1°C annealing temperature with 
number 8 primer sets 
Annealing  
Temperature Sample Cq Cq Mean 
Cq Std. 
Dev 
51.1 
MM0-7 (Pro) 17.05 
16.98 0.0670 MM0-8 (Pro) 16.96 
MM0-9 (Pro) 16.92 
MM3-7 (Pro) 16.71 
16.62 0.0720 MM3-8 (Pro) 16.57 
MM3-9 (Pro) 16.59 
MM0-7 (Path) 24.41 
24.32 0.1130 MM0-8 (Path) 24.34 
MM0-9 (Path) 24.19 
MM3-7 (Path) 20.43 
20.08 0.3080 MM3-8 (Path) 19.93 
MM3-9 (Path) 19.87 
 
Again, some of the amplification curves in Figure 13 did not amplify correctly; however, many 
did amplify as they should have. The amplification curves show that every reaction did amplify, 
including the reactions containing mismatches. The melt curves in Figure 14 of the Path primers 
and of the Pro primers show peaks at different temperatures. The reason behind the different peaks 
is unknown. The Cq values in Tables 7-9 better show the differences between the MM0 and the 
MM3 templates. These Cq values, however, show a reverse trend from the previous reaction set, 
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with MM0 reactions having a higher Cq value than MM3 reactions. This was unexpected, so to 
determine if this reverse trend was present in other the Illumina tails, the number 1 sets were used.  
 A different Illumina primer tail, number 1, was tested next to see if it had different effects 
than number 8.  
Figure 15: Quantification Amplification curves using Pro and Path primers with number 1 Illumina tails, MM0 and 
MM3 templates, and annealing temperature gradients 
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Figure 16: Melt Curves using Pro and Path primers with number 1 Illumina tails, MM0 
and MM3 templates, and annealing temperature gradients 
 
Table 10: Cq values from 65.0°C annealing temperature with 
number 1 primer sets 
Annealing 
Temperature Sample Cq 
Cq 
Mean 
Cq Std. 
Dev 
60.5 
MM0-1 Pro 18.68 
17.46 1.512 MM0-2 Pro 17.94 
MM0-3 Pro 15.77 
MM3-1 Pro 16.13 
15.94 0.6010 MM3-2 Pro 16.42 
MM3-3 Pro 15.27 
MM0-1 Path 14.35 
14.26 0.0820 MM0-2 Path 14.19 
MM0-3 Path 14.24 
MM3-1 Path 12.13 
12.00 0.3520 MM3-2 Path 11.60 
MM3-3 Path 12.26 
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Key: 
Numbers 1-3: 60.5 ºC 
Numbers 4-6: 55.0 ºC 
Numbers 7-9: 51.1 ºC 
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Table 11: Cq values from 55.0°C annealing temperature with 
number 1 primer sets 
Annealing 
Temperature Sample Cq 
Cq 
Mean 
Cq Std. 
Dev 
55.0 
MM0-4 Pro 18.81 
16.65 1.904 MM0-5 Pro 15.89 
MM0-6 Pro 15.24 
MM3-4 Pro 15.11 
16.54 2.455 MM3-5 Pro 15.14 
MM3-6 Pro 19.38 
MM0-4 Path 14.47 
14.47 0.0220 MM0-5 Path 14.45 
MM0-6 Path 14.50 
MM3-4 Path 11.55 
11.63 0.1140 MM3-5 Path 11.59 
MM3-6 Path 11.76 
 
 
Table 12: Cq values from 51.1°C annealing temperature with 
number 1 primer sets 
Annealing 
Temperature Sample Cq 
Cq 
Mean 
Cq Std. 
Dev 
50.1 
MM0-7 Pro 16.66 
17.03 0.3330 MM0-8 Pro 17.31 
MM0-9 Pro 17.12 
MM3-7 Pro 16.26 
16.70 0.4240 MM3-8 Pro 17.11 
MM3-9 Pro 16.71 
MM0-7 Path 15.83 
15.20 0.5600 MM0-8 Path 14.77 
MM0-9 Path 14.99 
MM3-7 Path 11.76 
11.94 0.2570 MM3-8 Path 11.83 
MM3-9 Path 12.24 
 
The amplification curves in Figure 15 showed more complete amplification, but they left the 
baseline at varying cycles. Again, all the reactions showed amplification, even the ones with the 
mismatches present. The melt curves in Figure 16, again, showed two different peaks, one for Path 
reactions and one for Pro reactions. The Cq values in Tables 10-12 indicate that, like the reactions 
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with the number 8 tails, the trend is reversed from the reactions using the normal Path and Pro 
primer pairs – MM0 reactions have higher Cq values than MM3 reactions.  
 To test if the reversed Cq trends were present in all the different Illumina tails, each tail 
was tested with the MM0 template.  
 
Figure 17: Quantification Amplification curves using numbers 1-8 Path and Pro primer tails on MM0 template  
 
-5000.00
0.00
5000.00
10000.00
15000.00
20000.00
25000.00
30000.00
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40
R
FU
Cycle
Quantification Amplification
Pro 8 Pro 7 Pro 6 Pro 5 Pro 4 Pro 3 Pro 2 Pro 1
Path 8 Path 7 Path 6 Path 5 Path 4 Path 3 Path 2 Path 1
	   35 
 
Figure 18: Melt Curves using numbers 1-8 Path and Pro primer tails on MM0 template 
Table 13: Cq values from qPCR using numbers 1-8 Path and Pro primer tails on MM0 template 
Sample Cq Cq Mean 
Pro 8 15.62 
15.17 
Pro 7 15.02 
Pro 6 15.14 
Pro 5 15.08 
Pro 4 15.37 
Pro 3 15.69 
Pro 2 15.03 
Pro 1 14.43 
Path 8 14.29 
12.97 
Path 7 12.61 
Path 6 12.61 
Path 5 12.54 
Path 4 12.95 
Path 3 12.77 
Path 2 12.90 
Path 1 13.10 
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Table 14: Seed values for qPCR using numbers 1-8 Path and Pro primer tails on MM0 template 
 
 
 
 
 
 
 
 
 
From the amplification curves in Figure 17, it is shown that all reactions amplified, but the curves 
differed for the Path reactions compared to the Pro reactions. This can also be seen in the Cq values 
in Table 13 since the reactions with the Pro primers have higher Cq values than the reactions with 
the Path primers. The melt curves in Figure 18, again, show varying temperature peaks. Table 14 
shows the seed values, or the initial amount of quantifiable DNA product present, normalized to 
the lowest amount, in each reaction. These seed values were found using the Global Fitting qPCR 
Analyzer [5] and are comparable to Cq values. From Table 14, it is seen that the reactions with the 
Path primer pairs have greater seed values than the reactions with the Pro primer pairs. This was 
expected as the Path primers are unambiguous while the Pro primer pairs are ambiguous; the 
degree of difference between the two reaction sets, however, was greater than expected.  
Sample Seed Average Seed 
Pro 8 0.1232 
0.2042 
Pro 7 0.2565 
Pro 6 0.2126 
Pro 5 0.1793 
Pro 4 0.1762 
Pro 3 0.1359 
Pro 2 0.2205 
Pro 1 0.3290 
Path 8 0.4379 
Outlier not 
included in 
avg 
Path 7 1.170 
1.089 
Path 6 1.207 
Path 5 1.226 
Path 4 1.007 
Path 3 1.083 
Path 2 1.012 
Path 1 0.9170 
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 The Global Fitting qPCR Analyzer was also used to obtain the seed values for the three 
previous qPCR reactions – the first using normal Pro and Path primer pairs, the second using 
number 8 Pro and Path primer pairs, and the third using number 1 Pro and Path primer pairs. 
 
Table 15: Seed values from qPCR reactions using normal Pro and Path primers 
 
Table 16: Seed values from qPCR reactions using number 8 Pro and Path primers 
 
 
 
 
 
normal primers 
Sample 60.5 Average 55 Average 51.1 Average Amount (seed) Amount (seed) Amount (seed) 
Pro MM0 1.38E-05 
1.38E-05 
1.46E-05 
1.52E-05 
8.76E-06 
9.05E-06 Pro MM0 1.39E-05 1.52E-05 9.29E-06 
Pro MM0 1.395 e-5 1.56E-05 9.11E-06 
Pro MM3 1.592 e-4 
3.87E-04 
no data 
5.67E-04 
1.41E-05 
1.59E-05 Pro MM3 no data 1.58E-04 1.58E-05 
Pro MM3 3.87E-04 9.75E-04 1.78E-05 
Path MM0 2.91E-05 
2.98E-05 
1.92E-05 
1.81E-05 
1.18E-05 
1.06E-05 Path MM0 3.03E-05 1.78E-05 1.03E-05 
Path MM0 3.00E-05 1.73E-05 9.55E-06 
Path MM3 3.79E-06 
3.63E-06 
1.21E-02 
1.21E-02 
4.74E-07 
4.72E-07 Path MM3 3.87E-06 no data 4.70E-07 
Path MM3 3.23E-06 no data 4.72E-07 
8F/R primers 
Sample 60.5 Average 55 Average 51.1 Average Amount (seed) Amount (seed) Amount (seed) 
Pro MM0-1, 4, 7 2.47E-06 
2.44E-06 
4.07E-06 
3.96E-06 
3.34E-06 
3.08E-06 Pro MM0-2, 5, 8 2.34E-06 3.94E-06 2.96E-06 
Pro MM0-3, 6, 9 2.51E-06 3.89E-06 2.94E-06 
Pro MM3-1, 4, 7 3.73E-06 
3.74E-06 
5.35E-06 
5.46E-06 
3.39E-06 
3.52E-06 Pro MM3-2, 5, 8 3.66E-06 5.54E-06 3.62E-06 
Pro MM3-3, 6, 9 3.82E-06 5.49E-06 3.56E-06 
Path MM0-1, 4, 7 3.62E-06 
3.57E-06 
1.11E-02 
3.71E-03 
no data 
1.64E-02 Path MM0-2, 5, 8 3.53E-06 4.95E-07 2.33E-02 
Path MM0-3, 6, 9 3.55E-06 4.87E-07 9.52E-03 
Path MM3-1, 4, 7 4.00E-06 
3.85E-06 
4.85E-06 
5.40E-03 
2.10E-02 
2.10E-02 Path MM3-2, 5, 8 3.64E-06 2.41E-06 no data 
Path MM3-3, 6, 9 3.91E-06 1.62E-02 no data 
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Table 17: Seed values from qPCR reactions using number 1 Pro and Path primers 
 
The seed results in Tables 15-17 are all variable. In comparing some groups, reactions using Path 
primer pairs had higher seed values in reactions using Pro; in other groups the trends are reversed 
with Pro reactions having the higher seed value. For the seed data in Table 15 for the reactions 
using the normal Path and Pro primer pairs, no conclusions could be made due to there being no 
clear trend. For the seed data in Table 16 and Table 17 for the reactions using the number 8 primer 
pairs and the number 1 primer pairs, respectively, there was a trend such that reactions with the 
MM0 template had lower seed values than the reactions with the MM3 template. This trend is 
consistent with the Cq data for these reactions – MM0 reactions having higher Cq values than 
MM3 reactions – since the Cq values and seed values are indirectly proportional.  
The large difference in mean seed values between the Path reactions and Pro reactions 
show in Table 14 was unexpected. It was thought that this difference could be due to differing 
primer concentrations, so the next variable tested was the final primer concentrations in the 
reaction mixture. This was testing using the number 1 Pro forward and reverse primers. One 
1F/R primers 
Sample 
60.5 
Average 
55 
Average 
51.1 
Average 
Amount (seed) Amount (seed) Amount (seed) 
Pro MM0-1, 4, 7 9.10E-07 
3.17E-06 
7.60E-07 
7.09E-06 
3.86E-06 
6.18E-06 Pro MM0-2, 5, 8 1.28E-06 1.03E-05 7.58E-06 
Pro MM0-3, 6, 9 7.32E-06 1.03E-05 7.10E-06 
Pro MM3-1, 4, 7 3.89E-06 
6.20E-06 
7.94E-06 
6.73E-06 
7.88E-06 
6.19E-06 Pro MM3-2, 5, 8 5.63E-06 1.18E-05 2.03E-06 
Pro MM3-3, 6, 9 9.08E-06 4.20E-07 8.66E-06 
Path MM0-1, 4, 7 1.47E-05 
1.61E-05 
1.93E-05 
1.63E-05 
3.81E-06 
8.29E-06 Path MM0-2, 5, 8 1.70E-05 1.52E-05 1.26E-05 
Path MM0-3, 6, 9 1.66E-05 1.46E-05 8.46E-06 
Path MM3-1, 4, 7 5.36E-05 
7.16E-05 
7.64E-05 
9.93E-05 
2.18E-04 
1.35E-04 Path MM3-2, 5, 8 8.81E-05 1.00E-04 1.02E-04 
Path MM3-3, 6, 9 7.32E-05 1.21E-04 8.59E-05 
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reaction contained a final primer concentration of 500nM and the other contained a final primer 
concentration of 400nM.  
 
Figure 19: Quantification Amplification curves of qPCR reactions with two different primer concentrations 
 
 
Figure 20: Melt Curves of qPCR reactions with two different primer concentrations 
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Table 18: Cq values from the qPCR reactions with two different primer concentrations 
 
 
 
 
 
Table 19: Seed values from the qPCR reactions with two different primer concentrations 
 
 
 
 
 
The amplification curves in Figure 19 were fairly consistent with each other, showing 
amplification in all the samples. The melt curves in Figure 20, too, showed completion of the 
reactions. From the Cq values in Table 18 and the seed values in Table 19, the reactions with the 
400nM primer concentration had higher Cq values and lower seed values than the reactions with 
the 500nM primer concentration. The differences in the Cq values and seed values, however, were 
slight differences, most likely not large enough to have been the cause of the great difference 
between the seed values from the previous reaction set using all the Illumina Path and Pro primer 
tails on the MM0 template. So, next the initial primer concentrations were tested to see if 
differences in these concentrations were the cause.  
Sample Cq Cq Mean 
500nM-1 14.96 
14.91 500nM-2 14.83 
500nM-3 14.93 
400nM-1 15.27 
15.24 400nM-2 15.25 
400nM-3 15.19 
Sample Seed Average Seed 
500nM-1 0.2345 
0.2344 500nM-2 0.2398 
500nM-3 0.2289 
400nM-1 0.1753 
0.1756 400nM-2 0.1799 
400nM-3 0.1716 
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 The concentrations of the Pro and Path primer pairs with the number 8 and number 1 
Illumina tails were quantified with a spectrophotometer. The spectrophotometer measured the 
absorbance of the primers, and the concentrations were then calculated with Beer’s law (Abs = 
ecl). The absorbance values and concentration calculations are shown in Table 20.  
 
Table 20: Absorbance values and concentrations of Pro8F/R, Pro1F/R, Path8F/R, and Path1F/F primers 
 
 
As seen in Table 20, the expected absorbance was found using Beer’s law and the expected 
concentration was 1µM. The absorbance values were recorded from the spectrophotometer. The 
blank absorbance was first subtracted from each of the primer’s absorbance value. Then, according 
to Beer’s law, the blanked absorbance value was divided by the primer’s respective extinction 
coefficient value found on IDT’s online oligonucleotide analyzer [8]. The concentration difference 
was calculated by subtracting the concentration from the expected concentration. The Path 8R 
primer is different from the rest of the primers because the stock had run out before making the 
dilutions. A previously-diluted primer was used, but this was diluted in TE buffer instead of water 
like the other ones were. For this reason, the absorbance value was not measurable. From the 
Wavelength 
260nm Blank Pro8F Pro8R Pro1F Pro1R Path8F Path8R Path1F Path1R 
Expected 
Absorbance   0.4906 0.6111 0.5624 0.5439 0.5259 0.6500 0.5963 0.5829 
Absorbance 0.1160 0.559 0.650 0.629 0.627 0.705 no data 0.941 0.896 
ABS - blank   0.443 0.534 0.513 0.511 0.589 no data 0.825 0.78 
Extinction 
Coefficient   4.906E05 6.110E05 5.624E05 5.439E05 5.259E05 6.500E05 5.963E05 5.829E05 
Expected 
Concentration   1.000E-06 1.000E-06 1.000E-06 1.000E-06 1.000E-06 1.000E-06 1.000E-06 1.000E-06 
Concentration   9.029E-07 8.739E-07 9.121E-07 9.394E-07 1.119E-06 no data 1.384E-06 1.338E-06 
Concentration 
Difference   9.708E-08 1.261E-07 8.789E-08 6.059E-08 1.199E-07 no data -3.835E-07 -3.381E-07 
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calculated concentration values, it was shown that these concentration values did not differ much 
from the expected value, indicating that differences in the initial primer concentrations were not a 
probable cause of the great difference between the seed values from the previous reaction set using 
all the Illumina Path and Pro primer tails on the MM0 template 
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DISCUSSION 
Creating standardized DNA templates with known primer mismatches 
 The first phase of this project was to incorporate mismatches into a DNA template. This 
was accomplished through four initial qPCR reactions. These reactions were run with four 
different forward primers, each an overhang containing a different mismatch, a consistent reverse 
primer without any mismatches, and a chosen DNA template, called mOrange, mimicked the 
length of the V3/V4 16S rRNA gene region.. These initial qPCR reactions were successful as seen 
in the amplification curves (Figure 1), the melt curves (Figure 2), and an EtBr agarose gel (Figure 
3). Every reaction showed an amplification curve that ran to completion and a melt curve with the 
same peak temperature. Some reactions did not amplify to the same height as others, so these were 
run on the agarose gel with one reaction that did amplify to the correct height. For each of these 
products, a visible band at the expected base pair length appeared, indicating the correct products 
were still made. Next, these products were spin-column purified and run on a crystal violet gel 
(Figure 4). Bands appeared on the gel for each product; the bands were cut out and purified. The 
DNA was not lost during the purification process as seen in the EtBr agarose gel run since each 
purified product showed up in a band (Figure 5). The purified products were quantified using a 
PicoGreen protocol. The concentrations of the samples were found using a standard curve of the 
fluorescence values and a DNA sample of known concentration (Figure 6, Table 1, Table 2). The 
samples were then normalized to the lowest concentration (Table 3) and diluted 1:1000. 
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Testing for amplification efficiency using standardized DNA templates with known primer 
mismatches 
 The normalized and diluted DNA samples were then used as templates for qPCR reactions 
to test amplification efficiency. First, only the MM0 template, the template without mismatches, 
was used with the unambiguous “Path” primer pair to ensure the protocol using was functioning 
for the new templates. The set of reactions was successful as seen in the completion of the 
amplification curves (Figure 7) and the single melt curve peak (Figure 8). The melt curves, 
however, were not smooth leading up to the peak from the right. To try to resolve this, an annealing 
temperature gradient was used in another set of qPCR reactions using the MM0 template and Path 
primer pair. Three annealing temperatures, 65.0°C, 60.2°C, and 54.4°C, were used – one about 
5°C higher than the normal annealing temperature of 60°C, one at about 60°C, and one about 5°C 
lower than 60°C. These reactions with the annealing temperature gradient were also successful 
seen in the shapes of the amplification curves (Figure 9) and melt curves (Figure 10). The melt 
curves were smoother than in previous reactions. The reaction set with the best amplification curve 
shapes was at the annealing temperature of 54.4°C; they reached a highest plateau height out of 
the three annealing temperatures tested. Because the 54.4°C annealing temperature gave the best 
results, 55°C was set as the middle temperature in the annealing temperature gradient of the 
following qPCR reactions.  
The next set of reactions compared the MM0 template to the MM3 template, containing 
two mismatches, and the unambiguous Path primer pair to the ambiguous Pro primer pair. The 
annealing temperature gradient was also used, testing at 60.5°C, 55.0°C, and 51.1°C. The results 
from these sets of reactions showed variable results, but every reaction amplified, including the 
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reactions containing mismatches. The amplification curves (Figure 11) showed some reactions 
barely amplifying and others amplifying well. The results of the reactions that did not amplify 
well, seen by the curves that do not hardly come off the baseline, are most likely due to errors 
made in the reaction setup, such as a bubble forming in the qPCR tube, or a droplet of the reaction 
mixture becoming stuck to the seal on the tube. The melt curves (Figure 12), too, reached variable 
heights, but all peaked at the same temperature, indicating the same-length, desired product was 
formed. The Cq values from these reaction sets (Tables 4-6) were used for comparing the templates 
and the primers used. When comparing MM0 to MM3 with the same primer pair, the reactions 
using MM3 as template had greater Cq values for every set, except for the set at the annealing 
temperature of 51.1°C using the Pro primer pair. Having a greater Cq value indicates the 
amplification curve left the baseline at a later cycle, meaning reactions with greater Cq values had 
quantifiable products later than reactions with smaller Cq values. Since the MM3 template 
contained mismatches, but the MM0 template did not, the mismatches present could have been the 
reason the reactions with MM3 as the template began to have quantifiable products later than the 
reactions with MM0 as template. The seed data, or the amount of initial quantifiable product, for 
the normal Path and Pro primers (Table 15) obtained from the Global Fitting qPCR Analyzer [5] 
was not helpful in comparing the MM0 and MM3 templates because the results are variable, 
without a clear trend. This lack of clear trend could be due to the normalization of the results within 
the analyzer instead of using the raw results. Using the raw results in the analyzer, however, gave 
errors due to the lack of complete amplification of some reactions.  
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Testing different variables that could also affect qPCR amplification 
Next, the Pro and Path primer pairs with the number 8 Illumina tails were tested. The same 
annealing temperature gradient was used as in the previous reaction set with the normal Pro and 
Path primer pairs. Most of the amplification curves were successful; the others did amplify, but 
not completely (Figure 13). Every reaction, including the reactions with mismatches, however, did 
amplify. The melt curves showed two different peak temperatures, the lower temperature for 
reactions with the Pro primer pairs and the higher temperature for the reactions with the Path 
primer pairs (Figure 14). The cause of the appearance of two melt curve peaks is unknown. Again, 
the Cq values were used to compare the results of the reactions with the MM0 template to the 
reactions with the MM3 template (Tables 7-9). These Cq results, however, unexpectedly showed 
a different trend from the previous reaction set with the normal Pro and Path primers – the reactions 
with the MM0 template had higher Cq values than the reactions with the MM3 template. The 
reason for this reversed trend is unknown, but could have been caused by the Illumina tail. The 
seed data trends (Table 16) from this reaction set using Pro and Path primers with number 8 
Illumina tails correlated with the Cq data – reactions with MM0 as template had less initial 
quantifiable product than reactions with MM3 as template.  
In order to test if the reversed trend was due to the number 8 Illumina tail on the Pro and 
Path primer pairs, a different Illumina tail, number 1, was used. Again, both Pro and Path primer 
pairs were used, but with the number 1 Illumina tail instead of the number 8. The amplification 
curves showed better amplification in all the reactions (Figure 15), and every reaction amplified. 
The melt curves, again, showed two different temperature peaks, with the lower being for Pro 
reactions and the higher being for Path reactions (Figure 16). The Cq data for the reactions with 
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the number 1 Illumina tail (Tables 10-12) followed the trends of the Cq results in the reactions 
with the number 8 Illumina tail. The reactions with the MM0 template had higher Cq values than 
the reactions with the MM3 template. The seed data trends (Table 17), too, followed the trends of 
the number 8 reactions with MM0 template having lower amounts of initial DNA products than 
the reactions with the MM3 template. Again, the cause of this reversed Cq value trend was 
unknown.   
To test if the Cq and seed trends were present in other Illumina tails, the Pro and Path 
primer pairs with numbers 1-8 Illumina tails were run in qPCR reactions. In these reactions, 
however, only the MM0 template was used and only the annealing temperature of 55°C was used. 
The amplification curves showed complete amplification of all the reactions (Figure 17). The melt 
curves the same two different temperature peaks for the Pro and Path primers (Figure 18). The Cq 
results (Table 13) for all the Illumina tails showed expected results that the reactions with the Path 
primer pairs had lower Cq values than the reactions with the Pro primer pairs. This was expected 
because the Path primer pairs are unambiguous, annealing perfectly to the MM0 template; the Pro 
primer pairs contain ambiguous base pairs, not annealing perfectly to the MM0 template. The 
ambiguous base pairs in the Pro primer pairs could be the reason why the reactions with them had 
quantifiable products in later cycles than reactions containing perfectly-matching primers-template 
pairs. The seed data (Table 14) showed the expected trend compared to the Cq data with the Path 
primer pairs having higher seed values than the reactions with the Pro primer pairs. These results 
of the reactions with the Pro and Path primer pairs with Illumina tails on the MM0 template showed 
that primers that do not match perfectly to the template affect the amplification of the qPCR 
reactions. Reactions using primers with mismatches to the template begin generating quantifiable 
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products later and had less initial DNA products than reactions using primers without mismatches 
to the template.  
The difference in seed values in the previous reaction set between the Pro and Path primer 
pairs was larger than expected. The concentration of the primers could have been the cause of this 
large difference. To test this, two sets of qPCR reactions were run with different primer 
concentrations. Both sets used the Pro primer pairs with number 1 Illumina tails. The first set 
contained the normal final concentration of each primer – 500nM; the second set contained a lower 
final concentration of each primer – 400nM. Initially, looking at the amplification curves (Figure 
19) and melt curves (Figure 20), there is little difference between the two sets of reactions; all the 
reactions amplified to completion and had similar-shaped curves. The Cq values (Table 18) and 
the seed data (Table 19), however, do show a difference between the two sets of reactions with 
difference primer concentrations. The reactions with the 500nM primer pair concentration had a 
lower Cq value and larger seed value then the reactions with the 400nM primer pair concentration. 
This was to be expected because with a higher concentration of primer, it is more likely for a 
primer to anneal to a template and begin quantifiable amplification. What was unexpected, 
however, was the magnitude of the differences in the Cq values and seed values between the two 
reaction sets. This was thought to be due to the initial primer concentrations before adding them 
to the reaction mixture.  
The initial primer concentrations were expected to be 5µM since they were diluted to this 
concentration from a 100µM stock. To test the actual initial concentration of the primers, the 
primers’ absorbance values were measured in a spectrophotometer. Pro and Path primer pairs with 
numbers 1 and 8 Illumina tails were the primers tested. These eight primers were diluted to 1µM 
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to achieve an accurate absorbance value. The absorbance of a blank, containing the 1:10 diluted 
TE buffer used to dilute the primers, was found; then, the absorbance of each of the eight primers 
was found. The blank’s absorbance value was subtracted from each primer’s absorbance value. 
These blanked absorbance values were used to calculate the concentration of the primers. These 
calculations were performed using Beer’s law (Abs = ecl), where Abs is the absorbance value, e is 
the extinction coefficient, c is the concentration and l is the path length. For these calculations, the 
extinction coefficient for each primer was found using the online IDT oligonucleotide analyzer 
[8], and the path length was one centimeter. The values for concentrations showed little variability 
in each primer pair set, Pro or Path (Table 20). The concentrations, too, were very close to the 
expected concentration of 1µM, seen in the concentration difference row of Table 20. The 
difference in the calculated concentrations from the expected concentrations is small enough to 
not have had much of an effect on the reactions. The differences in the Cq values and seed values, 
therefore, are for an unknown reason.  
In conclusion, in qPCR reactions with normal Path and Pro primer pairs and the templates 
MM0 and MM3, the presence of a mismatch primer-template pair had an effect on the 
amplification of the reaction. Reactions containing mismatches, ones with the MM3 template, had 
higher Cq values, indicating the presence of quantified products began appearing in later cycles 
than in the reactions without mismatches. When Illumina tails were added to the Path and Pro 
primers, however, the trend switched. Reactions not containing mismatches, ones with the MM0 
template, had higher Cq values, indicating the presence of quantified products began appearing in 
later cycles than in the reactions with mismatches. The reason for this switch in trends from the 
reactions with the normal Pro and Path primer pairs is unknown. In qPCR reactions with Pro and 
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Path primer pairs with the Illumina tails on only the MM0 template, the presence of the ambiguous 
base pairs in the Pro primer pairs had an effect on amplification. The reactions with the ambiguous 
Pro primer pairs had higher Cq values and lower seed values than in reactions with unambiguous 
Path primer pairs. These results, too, showed that in reactions containing mismatches between the 
primer-template pairs cause quantifiable amplification to start being detected in later cycles than 
in reactions without mismatches between the primer-template pairs. Changing the primer 
concentration in the reaction mixture and quantifying the initial primer concentrations gave results 
that were not clear as to if the primer concentrations had an effect on the amplification in qPCR 
reactions. Further testing should be performed to determine why the Illumina tails on the primer 
pairs caused a change in Cq trends, and how the primer concentrations affect the amplification in 
qPCR reactions.  
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SUPPLEMENTAL INFORMATION 
 
Figure 21: Schematic of a basic PCR reaction 
 
Table 21: Sequences of various primers used in the PCR and qPCR reactions 
Primer 
Name Primer Sequence Key 
MM0 ACTCCTACGGGAGGCAGCAGTGGGAGCGCGTGATGAAC 
Red: primer 
overhang 
complementary 
to a segment of 
the V3/V4 
region of the 
16S rRNA 
bacterial gene 
sequence 
 
Blue: region 
complementary 
to segment of 
mOrange 
 
Highlight: 
mismatch 
nucleotide 
MM1 ACTCCTACGGGAGGCACCAGTGGGAGCGCGTGATGAAC 
MM2 ACTCCTACGGGATGCAGCAGTGGGAGCGCGTGATGAAC 
MM3 ACTCCTACGGGATGCACCAGTGGGAGCGCGTGATGAAC 
MM 
Reverse GCGTGGACTACCAGGGTATCTAATCCTGTAGATGAACTCGCCGTCC 
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Path 
Forward ACTCCTACGGGAGGCAGCAG 
Highlight: 
direct match to 
V3/V4 region 
template 
 
Red: extended 
region to 
increase Tm 
Path 
Reverse GCGTGGACTACCAGGGTATCTAATCC 
Pro 
Forward CCTACGGGNBGCASCAG  
Highlight: 
ambiguous 
N = A, C, T, or 
G 
B = C, G, or T 
S = C or G 
Pro 
Reverse GACTACNVGGGTATCTAATCC 
Highlight: 
ambiguous 
N = A, C, T, or 
G 
V = A, C, or G 
Path 
Forward 
Primers 
with 
Illumina 
Tails 
Path8F:  
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGACTCCTACGGGAGGCAGCAG 
Path7F: 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGaACTCCTACGGGAGGCAGCAG 
Path6F: 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGgaACTCCTACGGGAGGCAGCAG 
Path5F: 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGtgaACTCCTACGGGAGGCAGCAG 
Path4F: 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGgtgaACTCCTACGGGAGGCAGCAG 
Path3F: 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGcgtgaACTCCTACGGGAGGCAGCAG 
Path2F: 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGacgtgaACTCCTACGGGAGGCAGCAG 
Path1F: 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGtacgtgaACTCCTACGGGAGGCAGCAG 
Red: Path 
forward primer 
sequence 
 
Black: 
Illumina tail 
Path 
Reverse 
Primers 
with 
Illumina 
Tails 
Path 1R:  
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGCGTGGACTACCAGGGTATCTAATC 
Path 2R: 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGcGCGTGGACTACCAGGGTATCTAATC 
Path 3R: 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGacGCGTGGACTACCAGGGTATCTAATC 
Path 4R: 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGgacGCGTGGACTACCAGGGTATCTAATC 
Path 5R: 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGtgacGCGTGGACTACCAGGGTATCTAATC 
Path 6R: 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGctgacGCGTGGACTACCAGGGTATCTAATC 
Red: Path 
reverse primer 
sequence 
 
Black: 
Illumina tail 
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Path 7R: 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGactgacGCGTGGACTACCAGGGTATCTAATC 
Path 8R: 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGtactgacGCGTGGACTACCAGGGTATCTAATC 
Pro 
Forward 
Primers 
with 
Illumina 
Tails 
Pro8F:  
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNBGCASCAG 
Pro7F:  
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGaCCTACGGGNBGCASCAG 
Pro6F:  
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGgaCCTACGGGNBGCASCAG 
Pro5F:  
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGtgaCCTACGGGNBGCASCAG 
Pro4F:  
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGgtgaCCTACGGGNBGCASCAG 
Pro3F:  
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGcgtgaCCTACGGGNBGCASCAG 
Pro2F:  
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGacgtgaCCTACGGGNBGCASCAG 
Pro1F:  
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGtacgtgaCCTACGGGNBGCASCAG 
Red: Pro 
forward primer 
sequence 
 
Black: 
Illumina tail 
Pro 
Reverse 
Primers 
with 
Illumina 
Tails 
Pro 1R: 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACNVGGGTATCTAATCC 
Pro 2R: 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGcGACTACNVGGGTATCTAATCC 
Pro 3R: 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGacGACTACNVGGGTATCTAATCC 
Pro 4R: 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGgacGACTACNVGGGTATCTAATCC 
Pro 5R: 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGtgacGACTACNVGGGTATCTAATCC 
Pro 6R: 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGctgacGACTACNVGGGTATCTAATCC 
Pro 7R: 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGactgacGACTACNVGGGTATCTAATCC 
Pro 8R: 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGtactgacGACTACNVGGGTATCTAATCC 
Red: Pro 
reverse primer 
sequence 
 
Black: 
Illumina tail 
 
S1: Template mOrange segment:  
 
TGGGAGCGCTGATGAAC——mOrange gene segment——GGACGGCGAGTTCATCATCA 
 
yellow: forward mismatch primer dock site 
green: reverse primer dock site 
 
S2: MM0 product after 1st qPCR (template for 2nd qPCR): 
ACTCCTACGGGAGGCAGCAGtgggagcgcgtgatgaac———————————ggacggcgagttcatcatcaGGATTAGATACCCTGGTAGTCCACGC 
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yellow: forward MM0 mismatch primer dock site 
blue: forward MM0 mismatch primer overhang (forward Pro/Path dock site) 
green: reverse primer dock site 
pink: reverse primer overhang (reverse Pro/Path dock site) 
 
S3: MM1 product after 1st qPCR (template for 2nd qPCR): 
yellow: forward MM3 mismatch primer dock site 
blue: forward MM3 mismatch primer overhang (forward Pro/Path dock site) 
red: mismatch site 
green: reverse primer dock site 
pink: reverse primer overhang (reverse Pro/Path dock site) 
 
S4: MM2 product after 1st qPCR (template for 2nd qPCR): 
yellow: forward MM3 mismatch primer dock site 
blue: forward MM3 mismatch primer overhang (forward Pro/Path dock site) 
red: mismatch site 
green: reverse primer dock site 
pink: reverse primer overhang (reverse Pro/Path dock site) 
 
S5: MM3 product after 1st qPCR (template for 2nd qPCR): 
yellow: forward MM3 mismatch primer dock site 
blue: forward MM3 mismatch primer overhang (forward Pro/Path dock site) 
red: mismatch sites 
green: reverse primer dock site 
pink: reverse primer overhang (reverse Pro/Path dock site) 
 
S6: Initial EvaGreen Ssofast reaction mix 
 20µl Reactions: 
1.   10µl SsoFast EvaGreen supermix (2x reaction buffer with dNTPs, Sso7d-fusion 
polymerase, MgCl2, EvaGreen dye, and stabilizers) – 1x final concentration 
2.   2µl 5µM forward primer (different for each) – 500nM final concentration 
3.   2µl 5µM reverse primer (same for each) – 500nM final concentration 
ACTCCTACGGGATGCACCAGtgggagcgcgtgatgaac———————————ggacggcgagttcatctacaGGATTAGATACCCTGGTAGTCCACGC 
ACTCCTACGGGATGCAGCAGtgggagcgcgtgatgaac———————————ggacggcgagttcatctacaGGATTAGATACCCTGGTAGTCCACGC 
ACTCCTACGGGAGGCACCAGtgggagcgcgtgatgaac———————————ggacggcgagttcatctacaGGATTAGATACCCTGGTAGTCCACGC 
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4.   4µl dH20 
5.   2µl template (mOrange) – 21.33mM final concentration 
S7: qPCR reaction protocol 
1.   Activation: 98ºC, 2 minutes 
2.   Denaturation: 98ºC, 5 seconds 
3.   Annealing/extension: 65ºC, 20 seconds 
a.   repeat steps 2. and 3. 39 more times (40 cycles total) 
4.   Melt curve: 65-95ºC (0.5ºC increments), 5 seconds 
S8: 1.5% EtBr protocol 
 Casting the gel: 
1.   0.75g agarose power 
2.   50ml 1x TBE 
3.   microwave until completely dissolved 
4.   add 3.5µl EtBr, mix and cool 
5.   pour into casting tray and allow to set 
Load mixture: 
1.   2µl DNA 
2.   1µl load dye 
Run protocol: 
1.   load 100 bp template to first well 
2.   load samples into remaining wells 
3.   Run at 100V for 25 minutes 
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S9: DNA purification protocol 
1.   Add 300µl Gel Melting Buffer (GMB) to DNA samples, mix by inverting 
2.   Add 200µl isopropanol 
3.   Transfer to spin columns 
4.   Wash 3 times with 1x Column Wash Buffer (CWB) 
a.   1st: 500µl CWB => centrifuge 2000rpm 1 minute 
b.   2nd: 300µl CWB => centrifuge 2000rpm 1 minute 
c.   3rd: 150µl CWB => centrifuge 2000rpm 1 minute 
5.   Hard spin at 12,000rpm for 1 minute 
6.   Elute with 50µl DNA storage buffer 
7.   Hard spin at 12,000rpm for 1 minute 
S10: Crystal violet DNA extraction protocol 
Casting 1% crystal violet gel: 
1.   0.8g agarose gel 
2.   80ml TBE 
3.   microwave until dissolved 
4.   350µl 0.2% CV dye, mix and cool 
5.   pour ~50ml into casting tray and let gel set 
Loading DNA: 
1.   10ul CV loading dye 
2.   50ul DNA 
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3.   Loaded 30µl of each into the wells 
4.   Ran at 100V for 35 minutes 
DNA extraction: 
1.   Visualized bands on a lamp 
2.   Cut out the bands and added them to tubes  
3.   Add 500µl GMB, centrifuged at 2000rpm for 1 minute 
4.   Incubated tubes until gel was completely melted 
5.   Add 200µl isopropanol 
6.   Transfer to spin columns 
7.   Wash 3 times with 1x CWB 
a.   1st: 500µl CWB => centrifuge 2000rpm 1 minute 
b.   2nd: 300µl CWB => centrifuge 2000rpm 1 minute 
c.   3rd: 150µl CWB => centrifuge 2000rpm 1 minute 
8.   Hard spin at 12,000rpm for 1 minute 
9.   Elute with 50µl DNA storage buffer 
10.  Hard spin at 12,000rpm for 1 minute 
S11: PicoGreen DNA quantification protocol 
1.   Made 1x TE buffer from 20x stock 
a.   500ul 20x TE to 9500µl 95% ethanol  
2.   Created a standard curve using l DNA (100 µg/ml = 100,000 ng/ml) 
a.   9 tubes total 
b.   1st tube: blank => 1ml 1x TE 
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c.   2nd tube: 1000 ng/ml => 990 1x TE + 10ul l DNA 
d.   In tubes 3-9: 200ul 1x TE 
e.   Use 2nd tube to make a serial dilution 
i.   Add 200µl of 2nd tube to 3rd tube (containing 200µl 1x TE) 
ii.   Add 200µl of 3rd tube to 4th tube (containing 200µl 1x TE) 
iii.   Continue for the rest of the tubes 
f.   Tube concentrations:  
i.   1. 0 ng/ml; 2. 1000 ng/ml; 3. 500 ng/ml; 4. 250 ng/ml; 5. 125 ng/ml; 6. 62.5 
ng/ml; 7. 31.125 ng/ml; 8. 15.56 ng/ml; 9. 7.78 ng/ml 
3.   Diluting PicoGreen reagent 
a.   Given stock: 400x 
b.   Want a total of 200µl in each well => 190µl diluted PicoGreen + 10µl DNA 
c.   200/190 = 1.053 => the concentration of the working solution 
d.   Dilute 400x stock to 1.053x 
i.   1.053/400 = 0.00263 
ii.   Use leftover 1x TE from making the standard curve 
iii.   Amount of PicoGreen stock to add = 0.00263 x the volume of leftover 1x 
TE 
iv.   Add this value of PicoGreen stock to the leftover 1x TE 
4.   Loading in a black 96 well plate 
a.   Add 190µl of diluted PicoGreen to the 9 standard curve wells and the 4 sample 
wells 
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b.   Add 10µl of either the standard curve or the sample to its respective well 
5.   Quantified in fluorescence machine 
a.   Excitation wavelength: 480nm 
b.   Excitation bandwidth: 9nm 
c.   Emission wavelength: 530nm 
d.   Emission bandwidth: 15nm 
S12: Normalization based on PicoGreen DNA concentrations 
1.   Plot the standard curve from the PicoGreen data on Excel after subtracting the blank 
from each 
2.   Subtract the blank from each sample fluorescence 
3.   Find equation of the line of the standard curve 
4.   Use this equation to find the concentration (x-value) of the samples by inputting the 
fluorescence (y-value) of each 
5.   Divide each concentration by the lowest concentration 
6.   Multiply this value by the desired initial volume of DNA 
7.   Subtract this value from the initial volume, giving the amount of DNA storage buffer 
to add to each sample 
8.   Add the respective volume of DNA storage buffer to each sample 
S13: Second EvaGreen Ssofast reaction mix 
 20µl reactions: 
1.   10µl SsoFast EvaGreen supermix (2x reaction buffer with dNTPs, Sso7d-fusion 
polymerase, MgCl2, EvaGreen dye, and stabilizers) – 1x final concentration 
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2.   2.0µl 5µM Path forward primer – 500nM final concentration 
3.   2.0µl 5µM Path reverse primer – 500nM final concentration 
4.   4µl dH20 
5.   2µl 1:1000 MM0 template –1:1000 => 0.2134µM final concentration 
S14: Second EvaGreen Ssofast reaction protocol 
1.   Activation: 98ºC, 30 seconds 
2.   Denaturation: 98ºC, 5 seconds 
3.   Annealing/extension: 60ºC, 10 seconds 
a.   repeat steps 2. and 3. 39 more times (40 cycles total) 
4.   Melt curve: 65-95ºC (0.5ºC increments), 5 seconds 
S15: EvaGreen Ssofast reaction protocol with temperature gradient 
1.   Activation: 98ºC, 30 seconds 
2.   Denaturation: 98ºC, 5 seconds 
3.   Annealing/extension: gradient temperature, 25 seconds 
a.   Gradient: 
Thermocycler Row Annealing Temperature (ºC) 
A 69.2 
B 67.7 
C  65.0 
D  60.2 
E  54.4 
F  49.8 
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G  46.7 
H  45.2 
 
b.   repeat steps 2. and 3. 39 more times (40 cycles total) 
4.   Melt curve: 65-95ºC (0.5ºC increments), 5 seconds 
S16: EvaGreen Ssofast reaction mix for comparisons 
 20µl reactions: 
1.   10µl SsoFast EvaGreen supermix (2x reaction buffer with dNTPs, Sso7d-fusion 
polymerase, MgCl2, EvaGreen dye, and stabilizers) – 1x final concentration 
2.   2.0µl 5µM Pro or Path forward primer – 500nM final concentration 
3.   2.0µl 5µM Pro or Path reverse primer – 500nM final concentration 
4.   4µl dH20 
5.   2µl 1:1000 MM0 or 1:1000 MM3 template – 0.2134µM final concentration 
S17: EvaGreen Ssofast reaction protocol with revised temperature gradient 
1.   Activation: 98ºC, 30 seconds 
2.   Denaturation: 98ºC, 5 seconds 
3.   Annealing/extension: gradient temperature, 25 seconds 
a.   Gradient: 
Thermocycler Row Annealing Temperature (ºC) 
A 61.1 
B 60.5 
C  59.4 
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D  57.4 
E  55.0 
F  53.1 
G  51.7 
H  51.1 
 
b.   repeat steps 2. and 3. 39 more times (40 cycles total) 
4.   Melt curve: 65-95ºC (0.5ºC increments), 5 seconds 
S18: EvaGreen Ssofast reaction mix with altered primer concentration 
 20µl reactions: 
1.   10µl SsoFast EvaGreen supermix (2x reaction buffer with dNTPs, Sso7d-fusion 
polymerase, MgCl2, EvaGreen dye, and stabilizers) – 1x final concentration 
2.   1.6µl 5µM Pro or Path forward primer – 400nM final concentration 
3.   1.6µl 5µM Pro or Path reverse primer – 400nM final concentration 
4.   4.8µl dH20 
5.   2µl 1:1000 MM0 or 1:1000 MM3 template – 0.2134µM final concentration 
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